HIGH STRENGTH ALUMINUM BASE ALLOY 

Background of the Invention 

[0001] This invention relates to aluminum base alloys and more particularly it 
relates to an aluminum base alloy containing silicon, copper and magnesium and a 
method of semi-solid forming the aluminum alloy to provide a formed member or product 
having improved properties. 

[0002] There is great interest in the use of semi-solid forming of aluminum alloys 
to improve both yield strength and tensile strength of formed products. The properties of 
the formed products are strongly influenced by selection of the elements comprising the 
aluminum alloy. 

[0003] The references disclose that the properties are improved by different 
mechanisms. For example, U.S. Patent 1,595,058 discloses an aluminum base alloy 
containing 3 to 15 wt.% Si, 0.5 to 3 wt.% Cu and 0.25 to 1 wt.% Mn having improved 
tensile strength, the properties improved by an alkali metal treatment. 

[0004] U.S. Patent 1,924,727 discloses an aluminum base alloy containing 3 to 8 
wt.% Si, 0.5 to 3 wt.% Cu, 0.2 to 1.5 wt.% Mg and 0.3 to 2 wt.% Mn. The alloy is 
improved by the addition of manganese or nickel. 

[0005] U.S. Patent 4,808,374 discloses a method for producing aluminum alloy 
castings and the resulting product having improved toughness. An Al-Si or Al-Si-Cu 
alloy containing 4 to 24 wt % of silicon, iron and other incidental impurities, the balance 
being aluminum is melted, and the melt is heated to a temperature between 780*^0. and 
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950°C. The melt is poured into a mold and solidified. Solution heat treatment and aging 
are then conducted. The process is suitable for an alloy containing 0.25 to 1.4 wt % of 
iron. In a preferred embodiment, the alloy consists essentially of 6 to 12 wt % Si, 2 wt % 
Cu, 0.2 to 0.4 wt % Mg and other incidental impurities, the balance being aluminum. 
The solution heat treatment is preferably carried out by heating between 525''-545°C for a 
period of 1 to 5 hours. 

[0006] U.S. Patent 5,028,393 discloses an Al-based alloy for use as sliding 
material, superior in fatigue resistance and anti-seizure property consisting, by weight, of 
1-10% Zn, 1-15% Si, 0. 1-5% Cu, 0. 1-5% Pb, 0.005-0.5% Sr, and the balance Al and 
incidental impurities. 

[0007] U.S. Patent 5,338,168 discloses an oil pump comprises a casing of 
aluminum alloy and at least one rotor housed therein. The rotor is produced by powder 
metallurgy by a rapidly solidified aluminum alloy comprising, by weight, of 5 to 25% of 
Si, up to 15% of one or more alloy elements selected from the group consisting of 3 to 
10% of Fe, 3 to 10% of Ni and 1 to 8% of Cr, and the balance of Al and inevitable 
impurities. The casing may be produced by powder metallurgy or ingot metallurgy with 
an aluminum alloy consisting essentially, by weight, of 5 to 25%, preferably 5 to 17%, of 
Si, 1 to 5% of Cu, 0.2 to 1.5% of Mg, 0.2 to 1% of Mn, and the balance of Al and 
inevitable impurities. The rotor and casing are so combined that the sum of the Si content 
of said rapidly solidified aluminum alloy for casing and that of said rapidly solidified 
aluminum alloy for rotor being equal to or more than 15 percent by weight. 



[0008] U.S. Patent 5,879,478 discloses an aluminum alloy for thixoforming with 
the composition (by weight): Si: 5%.7.2%, Cu: l%-5%, Mg<l%, Zn<3%, Fe<1.5%, 
other elements <1% each and <3% in total, with % Si <7.5-% Cu/3, which, when 
reheated to the semisolid state to the point at which a liquid fraction ratio between 35 and 
55% is obtained, has an absence of non-remelted polyhedral silicon crystals. 

[0009] U.S. Patent 2,8 1 1,439 discloses an aluminum casting alloy containing 2 to 
5 wt.% Cu, 1.5 to 2.5 wt.% Fe, 0.2 to 2 wt.% Si„ and 0.05 to 0.3 wt.% Ti. 

[0010] U.S. Patent 4,284,429 discloses an aluminum casting alloy consisting 
essentially of 5.0% to 22.0% silicon, 0.5 to 7.0% copper, 1.5 to 5.5% magnesium, 2.0 to 
8.0% zinc, iron not over 1.35%, manganese not over 0.65%, nickel not over 0.50%, 
titanium not over 0.20%, and chromium and other residual elements not over 0. 15%, 
balance aluminum. 

[0011] U.S. Patent 4,785,092 discloses aluminum brazing alloys for assembling 
aluminum heat exchangers by brazing which consist essentially of 4.5 to 13.5% of Si, 
from 0.005% to less than 0. 1% of Sr and the balance essentially Al and, fiuther, 
optionally may contain at least one element selected from the group consisting of 0.3 to 
3.0% of Mg, 2.3 to 4.7% of Cu and 9.3 to 10.7% of Zn. The aluminum brazing alloys 
provide high strength brazed joints with highly refined microstructure and brazing 
operation can be performed in a good condition without causing any detrimental cavity. 
Such excellent properties make the brazing alloys especially suited for the fabrication of 
superhigh pressure heat exchangers. 



[0012] U.S. Patent 5,925,3 15 discloses an antifrictional aluminum alloy and a 
method for making an aluminum alloy without lead are provided. The alloy has improved 
tribological characteristics and a base composition, in weight percent as follows: silicon: 
3.0-6.0, copper: 2.0-5.0, zinc: 0.5-5.0, magnesium: 0.25-0.5, nickel: 0.2-0.6, tin: 0.5-5.0, 
bismuth: 0.1-1.0, iron: up to 0.7, aluminum: essentially the balance. 

[0013] U.S. Patent 6,059,902 discloses an aluminum alloy containing Si: 1.5-12% 
(mass %here and hereinafter), Mg: 0.5-6% and, optionally, at least one of Mn: 0.5-2%, 
Cu: 0.15-3% and Cr: 0.04-0.35% and, further, containing Ti: 0.01-0. 1% and the balance 
of Al and inevitable impurities, in which the average grain size of ciystaUized grains of Si 
system compounds is from 2 to 20 ^mi and an area ratio thereof is from 2 to 12%. The 
alloy is melted to obtain a cast ingot having DAS (Dendrite Ann Spacing) of 10 to 50 nm, 
which is then put to a soaking treatment at 450 to 520OC and then to extrusion molding. 
The aluminum alloy has excellent machinabilily with no addition of low melting metals. 

[0014] U.S. Patent 5,91 1,843 discloses a process for casting, thermally 
transforming and semi-solid forming an almninum base alloy into an article, the process 
comprising the steps of: casting a molten body of aluminum base alloy comprising 2 to 7 
wt.% Si, 0.3 to 1.7 wt.% Mg, 0.3 to 3 wt.% Cu, 0.05 to 0.4 wt.% Fe, and at least one of 
the group consisting of 0.01 to 1 wt.% Mn, 0.01 to 0.35 wt.% Cr, max. 0.2 wt.% Ti, 
max. 0.3 wt.% V to provide a soUdified body, the molten aluminmn base alloy being 
solidified at a rate between liquidus and soUdus temperatures of the aluminum base aUoy 
to provide a solidified body having a dendritic microstructure. 



[0015] U.S. Patent 5,846,350 discloses a process for casting, thermally 
transforming and semi-solid forming an aluminum base alloy into an article, the process 
comprising the steps of: casting a molten body of alimiinum base alloy comprising 2 to 5 
wt.% Si, 0.3 to 1.7 wt.% Mg, 0.3 to 1.2 wt.% Cu, 0.05 to 0.4 wt.% Fe, and at least one of 
the group consisting of 0.01 to 1 wt.% Mn, 0.01 to 0.35 wt.% Cr, max. 0.2 wt.% Ti, max. 
0.3 wt.% V to provide a solidified body, the molten aluminum base alloy being soHdified 
at a rate between liquidus and solidus temperatures of the aluminum base alloy to provide 
a solidified body having a dendritic microstructure. Thereafter, heat is applied to the 
sohdified body to bring it to a superheated temperature of 3° to 50°C above the solidus 
temperature of the aluminum base alloy while maintaining the body in a solid shape, 
effecting thermal transformation of the body having the dendritic structure when the body 
is heated to above the solidus temperature. The body, having a non-dendritic structure, is 
fonned in a semi-solid condition into the article. 

[0016] U.S. Patent 5,571,346 discloses a process for casting, thermally 
transforming and semi-solid forming an aluminum base alloy into an article, the process 
comprising the steps of: casting a molten body of aluminum base alloy to provide a 
solidified body, the molten aluminum base alloy being solidified at a rate between 
liquidus and solidus temperatures of the aluminum base alloy in a range of 5° to 
100°C./sec. to provide an entire solidified body having a dendritic microstructure. 
Thereafter, heat is appUed to the solidified body to bring the body to a superheated 
temperature of 3° to 50°C. above the solidus temperature of the aluminum base alloy 



while maintaining a body in a solid shape and effecting thennal transformation of the 
body having the dendritic structure when the entire body is uniformly heated to the 
superheated temperature. The body having a non-dendritic structure is formed in a semi- 
solid condition into the article. 

[0017] In spite of these disclosures, there is still a great need for a semi-solid 
formed member having improved properties such as tensile strength and yield strength 
properties. 

Sunmiarv of the Invention 

[0018] It is an object of the invention to provide an improved aluminum base alloy 
suitable for forming in the semi-solid condition into members such as vehicular members 
having improved properties. 

[0019] It is another object of the invention to provide an aluminum base alloy 
member or casting having improved properties in the T5 or T6 condition. 

[0020] Yet, it is another object of the invention to provide a method for semi-solid 
forming an aluminum base alloy into articles or members having improved properties. 

[0021] These and other objects will become apparent from a reading of the 
specification and claims appended hereto. 

[0022] In accordance with these objects, there is provided a method of forming an 
aluminum base alloy member having a globular microstructure contained in a lower 
melting eutectic matrix. The method comprises providing a body of a semi-soUd 
aluminum base alloy comprising 3.5 to 5.5 wt.% Si, preferably less than 5 wt.% Si, 3.6 to 



5 wt.% Cu, 0.35 to 1 wt.% Mg, max. 0.25 wt.% Fe, max. 0.1 wt.% Mn, max. 0.25 wt.% 
Zn, and max 0.25 wt.% Ti, the balance aluminum, incidental elements and impurities. 
The method includes providing a mold for the alloy member and injecting the alloy in 
semi-solid form into the mold. The alloy is solidified in the mold to provide a member 
having a globular microstructure contained in a lower melting eutectic matrix. The 
member is aged in a temperature range of about 200° to 400°F for a period of 1 to 24 
hours. Prior to aging, the member may be solution heat treated in a temperature range of 
800° to lOOO^F for 0. 1 to 12 hours and then quenched. 

[0023] The invention also includes an improved aluminum alloy member formed 
from semi-solid aluminum alloy comprised of 3.5 to 5.5 wt.% Si, preferably less than 5 
wt.% Si, 3.6 to 5 wt.% Cu, 0.3 to 1 wt.% Mg, max. 0.25 wt.% Fe, max. 0.1 wt.% Mn, 
max. 0.25 wt.% Zn, and max. 0.25 wt.% Ti, the balance aluminum, incidental elements 
and impurities. The member can have a maximum grain size of less than 150 |im, and a 
tensile strength in the range of 45 to 65 ksi and a yield strength of 40 to 55 ksi in the 
solution heat treated and aged condition. 

Brief Description of the Drawings 

[0024] Fig. 1 is a flow chart showing steps in the invention. 

[0025] Fig. 2 is a micrograph showing the grain size of an alloy of the invention 
after casting. 

[0026] Fig. 3 is a micrograph showing the microstructure of an alloy of the 
invention after being thermally transformed to the globular form. 



Detailed Description of Preferred Embodiments 
[0027] Referring now to Fig. 1, there is shown a flow chart illustrating steps which 
can be used in the invention, hi Fig. 1, a body of semi-solid aluminum base alloy is 
provided for forming into a member such as a vehicular or ahcraft member. The semi- 
sohd aluminum base alloy may be provided from a billet or section of a billet which has 
been stirred during solidification or solidified in accordance with certain procedures to 
obtain the required globular grain structure. Sections of the billet sufficient in size to 
I provide a member are reheated to the semi-solid state required for the forming step. This 
q method is described in my U.S. Patents 5,968,292; 5,846,350 and 5,571,346, 

'ii . 

q mcorporated herem by reference as if specifically set forth, 
p [0028] The body of semi-solid aluminum alloy may be provided by another 
I method. That is, a large body of molten aluminum base alloy is provided in sufficient 
I quantity to produce the desired members, hi this process, the body of suitable aluminum 

base alloy is cooled to a temperature where the semi-solid condition is obtamed. 

Quantities of the semi-solid aluminum alloy are discharged therefrom for forming into the 

vehicular or aircraft members. This process is described in U.S. Patent 6,165,411, for 

example. 

[0029] The semi-soUd state is desirable because it is more easily formed mto a 
shaped member. When a cast body is heated to a sufficient temperature, it transfoims 
from a dendritic microstructure to a globular or spheroidal phase contained in a lower 
melting eutectic matrix and generally retains the same shape as the cast body. After 
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transformation, the body is provided in a state resembling a thixotropic state which 
permits ease of forming by use of smaller forces than would be required for making a 
forging, for example. 

[0030] Referring again to Fig. 1, it will be seen that after having obtained the semi- 
solid body of an aluminum base alloy, a mold the shape of the desired member is 
provided. The semi-solid aluminum base alloy is injected into the mold and the mold is 
cooled or permitted to cool to provide a solidified member. Equipment for injecting 
semi-solid aluminum alloy into the mold on a continuous basis is illustrated in U.S. 
Patent 6,165,411, incorporated herein by reference. 

[0031] After the member is solidified in the mold, it is removed and subjected to 
treatments to improve strength properties. That is, the solidified member may be subject 
to a solution heat treatment for purposes of solutionizing soluble constituents such as 
magnesium, copper and silicon for a given period of time. After such heat treating, the 
member is quenched, preferably in water, and artificially aged for a period of time to 
improve strengtii. In certain applications where high strength is not a requirement, the 
member may be aged, for example, to a T5 condition without the solution heat treatment. 
Thereafter, the member may be machined to tolerance or otherwise fmished for the final 
appUcation. 

[0032] The alloy of the invention is comprised of 3.5 to 5.5 wt.% Si, 3.6 to 5 wt.% 
Cu, 0.3 to 1 wt.% Mg, max. 0.25 wt.% Fe, max. 0.1 wt.% Mn, max. 0.25 wt.% Zn, max. 
0.25 wt.% Ti and optionally at least one of the group consisting of 0.05 to 0.2 wt.% V, 



0.01 to 0.05 wt.% Sr, and 0.001 to 0.005 wt.% Be, the balance comprised of aluminum, 
incidental elements and impurities. Preferably, the amount of Si is less than 5 wt.% and 
typically in the range of 3.5 to 4.9 wt.% Si. Preferably, the amount of Cu ranges from 
about 3.7 to 4.8 wt.% Cu. Typically, Fe will range from about 0. 1 to 0.25 wt.% Fe and 
Ti can range from about 0.06 to 0.2 wt.% Ti. 

[0033] It is important to adhere to the alloy ranges set forth herein. For example, 
the use of an alloy having Cu lower than 3.6 wt.%, e.g., 3.2 wt.%, can result in a member 
or article having lower tensile and yield strength levels. Or, if Cu is used above 5 wt.% 
for example, this can result in cracking during solidification. Higher levels of siUcon are 
also detrimental because they can result in a larger grain size than desired for formmg and 
for high strength. 

[0034] If the semi-solid body of aluminum alloy is produced from billet as noted, 
the billet is preferably cast as described in my U.S. Patent 5,968,292 and also described 
in U.S. Patents 4,693,298 and 4,598,763, incorporated herein by reference. 

[0035] For purposes of obtaining high tensile strengths and yield strengths, 
members fabricated in accordance with the present invention are preferably solution heat 
treated to dissolve soluble elements such as copper, magnesium and silicon which unite to 
form MgjSi and AlaCu, for example, to improve tensile properties. The solution heat 
treatment is preferably performed in a temperature range of 800° to lOOO^F, and typically 
in a temperature range of 900° to 980°F, The time at temperature for solution heat 
treatment can range from 0. 1 to 12 hoius. It should be noted that solution heat treatment 
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does not interfere with the microstructure and there is no substantial loss of the globular 
grain structure and the resulting redevelopment of the dendritic structure. After solution 
heat treatment, the members are rapidly quenched using cold water, for example, to 
prevent or minimize uncontrolled precipitation of the strengthening phases. Quench rates 
of at least 50°F per second may be used. 

[0036] After the members are quenched, they are subjected to aging to improve 
strength. Thus, the members can be subjected to underaging or overaging treatments, 
including natural aging. The aging treatment may include multiple aging steps, including 
two or three aging steps. In two or more aging steps, the first step may include aging at a 
relatively high temperature followed by a lower temperature. Or, the first step may be 
relatively low followed by a relatively high aging step. In three-step aging, high and low 
combination aging steps may be employed. In single-step aging, the quenched member is 
held in the temperature range of 200° to 450°F, preferably 300° to 400T for a period 
sufficient to increase strength. Times for aging at these temperatures can range from 1 to 
24 hours and typically 4 to 12 hours. 

[0037] Members comprised of the alloy of the invention fabricated in accordance 
with procedures set forth herein have improved strength levels. That is, members 
fabricated using solution heat treatment followed by aging (T6 condition) can have tensile 
strengths in the range of 45 to 65 ksi and yield strengths in the range of 40 to 55 ksi. If 
the members are aged without solution heat treatment (T5 condition), then the tensile 
strength can be in the range of 35 to 50 ksi and yield strengths in the range of 25 to 
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35ksi. 



ms] Typically, members in the solution hea. treated and aged eoadition have aa 
elongation in the range of 3 to 10% elongation and in dte aged condition only (T5) in flte 
range of 3 to 8% elongation. 

100391 Father, members of 4e invendon have an average g«in size m the tange of 
abon. 60 to 100 ^ with maximmn g«in being less fl« 150 and preferably less than 
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10040] „ is impomnt to adhe« to the ranges s« fotfl, herein for flte aluminum base 
aUoy in order to maintain the properties for membe.. fabricated in accordance with the 
invendon. That is, it has been disc„ve,«l that outside the limiB set forth, d,e properties, 
such as tensile su-ength. cau detenorate. For example, it was discovered that a. copper 
levels of 3.2 wt-/, the tensile st^ngth deteriomed rather st^cantly for a member 
tested m the T6 eondidon. Likewise, at siUcon levels greater than 5.5 and somedmes at 5 
«.% Si or greater, the fonmng properties of membe,. fabricated in accordance wid, the 
invention deteriorated because of die development of larger grain sizes. 

I0041J The alloy of fl,e invention can be used for members where high tensile 
.Tengd. and high yield stiengd, are desired. For example, membet, as used herem can 
include vehicular members or pam such as automobUe wheels or tiuok wheels and 
performance wheels, brake caUpe„. power tiain parts or members for automobiles or 
d^cb, suspension par,, valve bodies, intake mamfolds, and compres«,r comtecting rods. 
Fnrd,er, dte alloy can find use in aircraft parts such as aircraft wheels. 
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[0042] Ranges as provided herein are meant to include all the numbers and tenths 
of numbers within the range as if specifically set forth. 

[0043] The alloy of the invention may be used as a casting alloy for permanent 
mold casting, sand mold casting, die casting, squeeze or pressure casting. Further, it may 
be used in the F and T4 as well as the T5 and T6 tempers. 

[0044] The following examples are still further illustrative of the invention. 

Example 1 

[0045] An aluminum alloy containing 4.32 wt.% Si, 3.22 wt.% Cu, 0.34 wt.% Mg, 
0. 12 wt.% Fe, and 0. 1 1 wt.% Ti, the balance aluminum, incidental elements and 
impurities, was cast into a billet 3.5 inch in diameter. The billet was cast using casting 
molds utilizing air and liquid coolant. The air/water coolant was adjusted in order that 
the body of molten aluminum was solidified at a rate of about 15 to 25°C/sec. A 
micrograph of a cross section of the billet showed a dendritic grain structure (see Fig. 2) 
and had an average grain size of about 80 ^im. 

[0046] A one-inch long section of the billet was heated to 1 100°F and held at this 
temperature for 2 minutes until the sample was thermally transformed into globular form 
contained in a lower melting eutectic (Fig. 3) and then injected into a mold to fonn a 
round bar about 1-1/8" x 1" x 4". 

[0047] The round bar was then solution heat treated at 920°F for 8 hours, quenched 
in cold water and artificially aged at 320T for 12 hours. The sample was tested and was 
found to have tensile strength of 49 ksi, a yield strength of 41 ksi, and an elongation of 
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5%. In the T5 condition (no solution heat treatment), tensile strength was 38 ksi, yield 
strength 28 ksi and elongation 3%. 

Example 2 

[0048] In this example, the alloy contained 4.26 wt.% Si, 3 .76 wt.% Cu, 0.33 wt.% 
Mg, 0. 1 1 wt.% Fe, and 0. 1 1 wt.% Ti, the balance aluminum, incidental elements and 
impurities. This alloy was cast and then solution heat treated, quenched and aged as in 
Example 1. The sample was tested and found to have a tensile strength of 61 ksi, a yield 
strength of 51 ksi, and an elongation of 7%. In the T5 condition (no solution heat 
treatment), tensile strength was 40 ksi, yield strength 29 ksi and elongation 4%. 

Example 3 

[0049] In this example, the alloy contained 4.23 wt.% Si, 4. 1 8 wt.% Cu, 0.33 wt.% 
Mg, 0.12 wt.% Fe, and 0.12 wt.% Ti, the balance aluminum, incidental elements and 
impurities. This alloy was cast and then solution heat treated, quenched and aged as in 
Example 1. The sample was tested and found to have a tensile strength of 61 ksi, a yield 
strength of 53 ksi, and an elongation of 6%. h the T5 condition (no solution heat 
treatment), tensile strength was 39 ksi, yield strength 30 ksi and elongation 4%. The 
microstructure of this alloy is shown in Fig. 2 in the as-cast condition and shown in Fig. 3 
after semi-solid forming. 

Example 4 

[0050] In this example, the alloy contained 4.23 wt.% Si, 4. 18 wt.% Cu, 0.33 
wt.% Mg, 0.1 2 wt.% Fe, and 0. 12 wt.% Ti, the balance aluminum, incidental elements 
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and impurities. This alloy was cast and then solution heat treated, quenched as in 
Example 1, and aged at 356"? for 6 hours. The sample was tested and found to have a 

tensile strength of 63 ksi, a yield strength of 59 ksi, and an elongation of %. 

[0051] Thus, it will be seen from the examples that the alloy of the invention and 
the processing thereof need to be carefully controlled in order to obtain the desired 
properties. 

[0052] Having described the presently preferred embodiments, it is to be 
understood that the invention may be otherwise embodied within the scope of the 
appended claims. 

[0053] What is claimed is: 
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